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ABSTRACT: Progress is reported in relating upstream water management and freshwater flow to Floridz Bay to a

valuable commercial fishery for pink shrimp (Farfantepenacus duorarum),
Bay. Changes in freshwater inflow are expected o affect salinity patterns

which has major nursery grounds in Florida
inthehay,sotheeffectoi‘salinityandtem—

perature on the growth, survival, and subsequent recruitment and harvest of this ecologically and economically important
species was examined with laboratory experiments and a simulation model, Experiments were conducted to determine
the response of juvenile growth and survival to temperature (15°C ta 33°C) and salinity (2% 10 55%0), and results were
used to refine an existing model. Results of these experiments indicated that Juvenile pink shrimp have a broad salinity

tolerance range at their optimal temperature, but the salinity toleramce
temperature range, 20-30°C. Acclimation improved survival at extreme high salinity (55%«),
salinity (i.e., 5%c, 10%0). Growth rate increases with temperature until tolerance is exceeded

is optimal in the mid-range of salmity (30%.)
harvests from regions of Florida Bay were

range narrows with distance from the optimal
but not at extremely low

beyond about 35°C. Growth

and decreases as salinity increases or decreases. Potential recruitment and
simulated based on local observed
lations predict that potential harvests might differ among years, seasons, and

daily temperature and salinity, The simu-
regions of the bay solely on the basis of

observed temperature and salinity. Regional differences in other <haracteristics, such as seagrass cover and tidal orans-
port, may magnify regional differences in potential harvests. The model predicts higher catch rates in the September—

December fishery, originating from the

April and July sectiement cohorts, than in the January-June fishery,

originating

from the October and January settlement cohorts. The observed density of juveniles in western Florida Bay during the

same years simulated by the model was greater in the fall than the
catch rate in the fishery, a rough index of abundance, was higher in the

spring, supporting modeling results. The observed
January-June fishery than the July-December

fishery in most of the biological years from 1939-1990 through 19971998, contrary o modeling results and observed

Jjuvenile density in western Florida Bay.

Introduction

The pink shrimp, Farfantepenaeus duorarum, is a
good indicator of the health and productivity of
the Florida Bay ecosystem. Pink shrimp in South
Florida spawn offshore near the Dry Tortugas
about 150 km southwest of Florida Bay, where the
pink shrimp supports the multi-million dollar Tor-
tugas shrimp fishery (Upton et al. 1992). Pink
shrimp immigrate to Florida Bay as postlarvae and
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spend several months as juveniles feeding and
growing before leaving the bay and recruiting w
the commercial fishery (Costelio and Allen 1966).
While in Florida Bay the pink shrimp is important
as a major link between the base of the food web
and top consumers (Palmer 1962; Rutherford et
al. 1982, 1983; Schmidt 1986, 1989; Hettler 1989).

Major changes have occurred in Florida Bay and
in the harvest and recruitment characteristics of
the Tortugas fishery across decades (Sheridan
1996; Ehrhardt and Legault 1999; Fourqurean and
Robblee 1999). In 1987 a seagrass die-off began in
western Florida Bay that was characterized by the
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rapid death of turtlegrass, Thalassia testudinum
(Zieman et al. 1988; Robblee and DiDomenico
1991; Robblee et al. 1991a). Seagrass die-off was
followed by extensive and persistent algal and wr-
bidity blooms over much of the bay (Fourqurean
et al. 1993). Loss of the estuarine nature of the bay
over time and chronic hypersalinity {Zieman et al.
1988) are among the many factors hypothesized to
have led to seagrass die-off. Shrimp harvests de-
clined 1o period-of-record lows during the latter
1980s (Nance 1994), roughly coincident with sea-
grass die-off and other environmental changes in
Florida Bay. This decline may in part be due to
changes in freshwater inflow affecting salinity in
the bav. Browder (1985) and Sheridan (1996)
found statistical refationships between pink shrimp
harvests and various indices of freshwater flow w0
the bay. Other factors affect pink shrimp in Florida
Bay. Juvenile densities are stronglv linked to sea-
grass habitats (Costello et al. 1986). Loss of sea-
grass habitat in the die-off resulted in local de-
clines in seagrass-associated fishes and inverte-
brates including the pink shrimp (Robblee et al.
1991b: Sheridan 1992; Matheson et al. 1999).

Florida Bay lies at the downstream end of south
Florida's extensive water management system. Wa-
ler management to control floods, drain wetlands,
and sequester water for urban and agricultural uses
has altered the volume, timing, and distribution of
freshwater inflow to the bay (Fennema et al, 1994;
Obevsekera et al. 1999). The objective of this pa-
per is to evaluate the relationships among fresh-
water inflow to Florida Bay, juvenile pink shrimp
production within the bay, and shrimp harvests in
the Torwgas fishery. Connecting freshwater inflow,
saliniry, and ecological conditions is a special chal-
lenge because of the bay's geographic complexity
(Fourqurean and Robblee 1999). This paper ex-
tends the modeling work described in Browder et
al. (1999). The modeling objective is 10 evaluare
production of pink shrimp in representative re-
gions of the bay by simulating survival and growth
as functions of local water temperature and salinity.
Spatial extensions of model results were made to
estimate relative total potential harvests from ma-
jor regions of the bay. Adjustments were then
made to provide a first approximation of how bot-
tom habitat and tidal transport might interact with
salinitv to affect juvenile shrimp abundance in the
bay and potential harvests in the fishery.

Materials and Methods

FLORIDA Bay

Florida Bay is a complex shallow water ecosystem
at the southern tip of Florida with distinct physical
and biological zones that influence the distribution

and abundance of pink shrimp and other species
" (Fourqurean and Robblee 1999). Physically the bay
ts composed of many shallow basins pardally sep-
arated by banks variously exposed at low tide
(Holmaquist et al. 1989). Banks are most extensive
in the west but are more effective barriers to water
exchange in the east (Enaos and Perkins 1979). The
principal benthic habitats in Florida Bay are sea-
grass beds, generally dominated by turtle grass and
hard-bottom areas supporting sponges, gorgoni-
ans, corals, and macroalgae (Zieman et al. 1989;
Hall et al. 1999). Seagrass development is greatest
in western Florida Bay and decreases to the east
following a general gradient in sediment depth.
Mixed species beds are common and include both
manatee grass, Syringodium filiformi, and shoal
grass, Halodule wrightii. Seagrass development is lo-
cally greatest over the banks (Zieman et al, 1989).
Pink shrimp occur throughout the bay (Costelio
and Allen 1966). Shrimp density s seasonally very
high in western Florida Bay and always low in the
east, closely following the patterns of seagrass. Lo-
cally pink shrimp are most abundant on bank-tops
while very high densites of early settlernent pink
shrimp are often observed in Halodule grass beds
(Costello et al. 1986; Robblee et al. 1991b).

Salinity patterns in the bay are influenced by the
wet-dry cycle in south Florida, freshwater inflow
and upstream water management, evaporation,
mixing with waters of the Gulf of Mexico and the
Atlantic Ocean, and internally by restricted circu-
lation (Robblee et al. 2001). Freshwater enters
eastern Florida Bay from Taylor Slough through
Taylor River and other small coastal creeks (Hittle
etal. 2001). Freshwater from Shark Slough and Big
Cypress enter western Florida Bay after mixing
with coastal waters along the southwest Florida
coast (Lee et al. 2001). Because the bay is shallow,
evaporation has a major influence on the bay’s salt
budget (Smith 2000a). Hypersaline conditions of-
ten occur by the end of the dry season (April and
May). Highest salinities occur in the northern in-
terior, where freshwater inflow is restricted by a
natural coastal berm (Hittle et al. 2001} and ex-
tensive banks. Salinities exceeding 50%o are not
uncommon and can extend over much of the bay
during multyear regional droughts.

Tides, circulation, and transport in and near the
bay affect not only salinity patterns but also the
accessibility of various parts of the bay to pink
shrimp postlarvae. Tides in Florida Bay are pre-
dominantly mixed semi-divrnal and are propagat-
ed from west to east across the bay; net water flow _
across-the western boundary of the bay is west to
east from the Gulf of Mexico to the Atlantic Ocean
(Smith 2000b). Postlarval pink shrimp may maxi-
mize directional tidal transport by rising in the wa-



rer column on the flood tide and faliing to the
pottom on the ebb tde (Hughes 1967, 1969).
sirong flood tidal currents across mud-banks and
through interisland and inter-bank channels facil-
jtate Lransport into the bay (Wang et al. 1994
wang 1998). Tidal amplitude decreases from about
60 cm in the west to a few centimeters in the east
(Ho]mquist et al. 1989; Smith 1997). Local winds
have a great influence on water level in the bay
and may also influence postiarval transport (Wang
et al. 1994; Wang 1998). The banks and island
chains that attenuate the tide also retard mixing
and transport by winds. Larval transport into in-
terior and eastern paris of the bay may be restrict-
ed, although pink shrimp postlarvae do reach the
bay's interior (Criales unpublished data).

Two routes have been proposed for transport of
pink shrimp postlarvae from Tortugas spawning
grounds to Florida Bay. One is that posilarvae may
drift downstream with the Florida Current, enter-
ing the bay across the Lower and Middle Florida
Kevs. The other is that they may move northeast
across the southwest Florida shelf, entering the bay
at its western boundary with the Gulf of Mexico
south of Cape Sable (Munro et al. 1968; Jones et
al. 1970: Criales and McGowan 1994; Criales and
Lee 1995). Subtidal currents are the primary
mechanism linking adjacent and remote ecosys-
temns on the inner shelf (Wang 1998) and may pro-
vide postlarval transport into Florida Bay. They are
driven by local winds and offshore currents (i.e.,
Loop Current-Florida Current-Gulf Stream) and
are strongly influenced by bathymetry and coast-
line orientation (Lee et al. 1994, 2001; Weisberg et
al: 1996).

MODELING APPROACH

The full concept of the model under develop-
ment is shown in Fig. 1. The core of the model is
a unit mode} that simulates growth and survival of
a cohort of shrimp in relation to salinity and tem-
perature. Growth and survival are both fundamen-
tal biological processes that affect abundance and
recruitment. The influence of upstream water
management is expected to express itself through
changes in salinity associated with change in fresh-
water inflow, and sensitivity to salinity variation has
been demonstrated in macroinvertebrates (Kinne
1971). including other penaeids (Williams 1955,
1984; Zein-Fldin and Renaud 1986; Dall et al
1990). Temperature was included because it is the
main environmental factor affecting growth and
survival, and salinity and temperature interactions
have been reported in penaeids {Bielsa et al. 1983;
Dall et al. 1990} and other crustaceans (Hartnoll
1982}, In model simulations, shrimp that survive
and attain sufficient size are considered potental
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Fig. 1. Concepuual diagram of simulation model of potential
recruitment from Florida Bay, Shading indicates extent of our
research 1o date on the various model components from white
(most work) to dark gray (least work).

recruits to the Tortugas fishery. The outcome of
the simulations is potental harvesess (mt km=%)
from Florida Bay. Results for each region of the
bay are determined from the unit model and then
expanded to the landscape scale by multiplving by
the region’s total area. Other conditions in Florida
Bay must also be favorable to pink shrimp in order
for salinity to affect growth and survival (Browder
and Moore 1981; Browder 1991). For perspective
on these effects, expanded results were adjusted
for regional differences in physical habitat (bank,
basin, or nearkey), seagrass density, and an index
of accessibility to postlarvae immigrating into the
bay. Adjustment factors were obtained from a mul-
tiple regression analysis of existing juvenile density
data.

PINK SHRIMP MODEL

The mathematical structure and scientific basis
of the pink shrimp simulation model are described
in detail in Browder et al. (1999). The model, writ-
ten in BASIC, simulates daily growth and survival
as a function of temperature and salinity. When
individuals reach the age at first capture in the fish-
ery, they are harvested at a constant fishing rate as
they continue to grow and experience natural mor-
tality, but at rates no longer affected by bay tem-
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perature and salinity. Model results are dominated
by three functions: growth in relation o salinity
and temperature, survival in relaton o salinity and
temperature, and survival in relation to total
length, which is a function of growth rate. These
basic equations are the same as in Browder et al.
(1999), however the rate coefficients, which are
variables in the model, have been modified and
updated as follows:

In the equation governing exponential growth
as a function of salinity and temperature

D1 = L,_ (e — Dee-»,  and L = L, + D1,

(1)

where D1 is change in total length (mm), L, is
length at day ¢, and L, is length the previous day,
B, the growth rate coefficient, previously B = Con-
sant + T + T2, is now

B~Constant + T+ T2+ 8§+ 8 +1n L., (&)

where T is water temperature, S is salinity, and
L., is total length the previous time step (day).
The von Bertalanffy equation for growth (D2 in
the previous model) was eliminated in this model
because it was unnecessary once the variable L,_,
was added to the equation for B, providing a re-
lationship between growth and size that approach-
es an asvmptote.

In the exponential equation for the instanta-
neous mortality rate,

M1 = —Inel® (et? + 1)71/28, (3)

where LP, the logit transform of the survival rate,
previously LP ~ Constant + T+ 8+ T2+ 85 (and
division was by 10), is now

LP*-Constant+T+S+T2+SQ+TS.(4)

The equation for M1 back-transforms the logit to
obtain the instantaneous 28-d mortality rate and
then divides by 28 to obtain the instantaneous daily
mortalitv rate. The daily survival rate from this
source of mortality is calculated as

SY = ¢~M, )]

Regression coefficients are associated with each of
the independent variables in the equations for B
and LP.

The other source of mortality, predaton mor-
tality (M2), is the same in this model as in Browder
et al. {1999) and is

M2 = A2cB2t, (6

where A2 = predation mortality rate at 0 mm and
B2 = (In M2, — In A2)/90 (where M2y, is pre-
dation mortality rate at 90 mm of total length).

SALINITY AND TEMPERATURE EXPERIMENTS

Two thousand juvenile pink shrimp, ranging in
initial total length (TL) from 16-67 mm (mean,
%6.6 mm), were collected from Florida Bay. Surviv-
al and growth were tesied over a temperature
range from 15°C to 33°C (15°C to 30°C at 5°C in-
tervals) and a salinity range from 2%0 to B55%o
(5%o intervals from 5% to B5%o0). A treatiment at
95°C and 25%o was inciuded in each experiment
1o facilitate comparisons of treatments across €x-
periments. Ten experiments, each consisting of 4
X 5 combinations of temperature and salinity (20
treatments) were conducted. There were 200
shrimp to each experiment, with 10 assigned to
each treatment, for a total of 200 trials. Animals
were weighed (nearest mg) and total length was
measured (nearest 0.5 mm) initially and at 7-d in-
tervals through 28 d. Survival was determined for
each rial as the percent of total individuals {ad-
justed by handling deaths and jump out) surviving
the 28-d period. The last three experiments were
conducted to compare tolerance to extreme salin-
ity (5%o, 10%c, 45%0, 0%, or 55%¢) with and
without acclimation. To acclimate, animals were in-
troduced to the test salinity after being held at in-
termediate salinities for 24 to 48 h. Length of ume
and the number and levels of intermediate salinity
were determined by the amount of difference be-
rween the ambient and test salinity.

Experimental animals were placed n individual
1000-ml beakers with aeration and fed a commer-
cial shrimp food (Rangen 30% protein) daily, ad
libidum; and feces, excess feed, exuviae, and dead
animals were removed daily and recorded. Test sa-
linities were prepared using south Florida waters,
both seawater and freshwater. Salinities greater
than 35%o were prepared by adding concentrated
scawater prepared from Friz sea salts to the nat-
ural water.

Results of the 10 experiments were integrated by
multiple regression analyses into equations that
formed the core of the simulation model. A sur-
vival rate was obtained from the data by regression
of the percent surviving at the end of each trial
{logit—transformation) against temperature {sec-
ond order), salinity (second order), and their in-
reraction term. A regression equation that fited
the length-at-day (since initiation of experiment)
data of each individual to an exponential equation
was used to determine individual growth rate ¢
efficients. Then a regression analysis was per
formed to relate individual growth rate coefficients
(o temperature {second order), salinity (second OT-
der), and initial total length of the individual (28
the natural log). Since the data were obtained
from 10 experiments, experiment was included a$
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Fig-2. Regions of Florida Bay defined for location-specific
simulations of potential recruitment and harvests, Sites of pre-
sent postlarval sampling 1o support model development. West-
ern Bay stations are MG = Middle Ground Channel and SK =
Sandy Rey Channel. Southeastern Pay stations are WH == Whale
Harbor Channel and PH = Panhandle Key Channel (interior
siation}.

a categorical variable in both equations in order to
remove the effect of experiment. The G-test (Sokal
and Rohlf 1995} was employed to determine the
effect of acclimation on survival.

SIMULATIONS

The model simulates potential harvests per unit
area for regions of the bay exhibiting substandally
different salinity regimes (Fig. 2) and a series of
vears (incinding years of both high and low rain-
fall; Fig. 3) from cohorts settling in July, October,
January, and April. Recruitment to the Tortugas
grounds has been described as continuous with
one or more seasonal modes of variable relative
magnitude and timing (Ehrhardt and Legault
1999). We attempted to represent this with our
modeling. For each simulaton, the model was ini-
tialized with 10 million shrimp settled km~? The
number settling was distributed normally across a
month of 31 d with the peak settling date at mid
month, approximating the lunar periodicity in im-
migration and settiement (highest on the new
moon) observed by previous investigators (Tabb et
al. 1962; Allen et al. 1980; Criales et al. 2000).
Growth and survival were simulated daily from an
initial settlement size of 8.74 mm (Teinsongrusmee
1965}. Young shrimp were assumed to leave the
bay at 78.4 mm TL, the estimated size at which they
first enter the fishery (Nichols 1984). Simulated
fishing meortality began at that time, and growth
and natural mortality continued through the 600th
day from serlement Harvests accumulated
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Fig. 3. Daily average salinity observed at Everglades National
Park fixed monitoring stations in Florida Bay representative of
salinities in bay regions of rhis study and some adjacent water
bodies (from Smith unpublished data).

through the 600th day provided an index of po-
tential harvest per unit area of each region. Munro
et al.’s (1968) esumate of ~870 X 10'° protozoeal
larvae produced annually on the Tortugas grounds
gives perspective to the initial density we used.
Daily records from Everglades National Park
fixed monitoring stations in the bay provided the
temperature and salinity data used to run the mod-
el. At least one monitoring station was available for
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each of the bay regions defined in this study. Data
for the period June 1989 through October 1998
were used in the model.

REGIONS OF THE BRay

Representng Florida Bay as regions follows a
long tradition (Turney and Perkins 1972; Wanless
and Tagett 1989; Zieman et al. 1989; Boyer ez al.
1997). Underlying the regions of the bay defined
here is an irregular grid of basins demarcated by
shallow-water mud banks with Interconnecting
channels that collectively represent a simplified
landscape of Florida Bay (Nuttle et al. 2000). Qur
regions are aggregates of these basins that reflect
salinity patterns in the bay and mixing with marine
waters of the Gulf of Mexico and Atlantic Ocean
and freshwater flows from the Florida mainland
(Robblee et al, 2001}. Qur regions are most similar
to the zones defined by Zieman et al. (1989} for
seagrass and algae. The three major components
of the eastern region were treated se parately in our
simulations because of the greater spatial and tem-
poral variability in that region. Juvenile densities
and potential harvests from four small water bod-
ies adjacent 1o Florida Bay were also simulated in
order to apply the model to a broader range of
conditions than occurs in the bay proper. Their
salinity patterns may be representative of larger es-
tuaries of southwestern Everglades National Park
known to receive immigrant pink shrimp postlar-
vae (Tabb et al. 1962).

ADJUSTMENTS FOR AREA AND SPATIAL VARIATION IN
HABITAT AND TIDAL AMPLITUDE

The area of each of the four regions was used
to expand potential harvests per unit area to the
entire region. Digitized maps (spatial coverage) of
physical habitat (bank, basin, and near-key), sea-
grass densitv. and zones of tidal amplitude were
used to adjust for the possible effects that variation
in bottom habitat and access to postlarvae might
have on potential harvests from the regions of the
bay. Geographic Information System (GIS) tech-
niques were used to determine the area of each of
the four regions and the proportion of each cate-
gory of coverage in each region (i.e., proportion
of area as bank, basin, and near-key, proportion in
each seagrass density category, and proportion in
each tidal amplitude zone). To make these deter-
minations, we used coverages of banks, basins, and
islands obtained from Everglades Natonal Park, a
seagrass coverage we prepared from existing data,
and a map of tidal amplitude contours from Smith
(1997).

The proportion of area in each scagrass density
category was computed for each of our regions
from a digitized seagrass map generated from sev-

eral seurces and representative of bottom cover in
the mid to late 1990s. Point data from 1999-2000
seagrass studies in nine basins (Durako and Hall
unpublished data) were used to develop a relation-
ship between shoot density and a modified Braun-
Blanquet (BB) visual index of cover, or relative
density (Durako et al. 2001). Average values were
computed for each station and a regression equa-
tion was constructed. BB was the dependent vari-
able and bay region (as a categorical variable), av-
erage number of Thalassia shoots, average number
of Halodule shoots, and average number of Syrin-
godium shoots were the independent variables (r2
= 0.6182). The resulting equation was

BB = 1.6877 + 0.0011TH + 0.0005HA + 0.0003SY
+ A, (7)

where BB was the Braun-Blanquet density index.
TH, HA, and SY were number of short shoots of
each of the three species dm~2, and A was —0.4271,
—0.2710, and 1,1253 for the east, interior, and west
regions, respectively. We used this equation to con-
vert average seagrass shoot density collected in
1994-1998 fishery studies by Thayer et al. (1999)
and Matheson et al. (1999) to BB. Then we created
the seagrass coverage from the combined data of
the seagrass and fishery studies (1,116 points, pro-
duced from more than 5,000 data records).

We hypothesized that the relative accessibility of
bay regions to postlarvae was related to tidal am-
plitude and we prepared a GIS layer of the con-
tours of the M, tidal amplitude from Smith (1997)
as an index of relative tidal transport. M, repre-
sents the lunar semi-diurnal harmonic constituent
of the tide, which is the dominant tidal constiruent
in Florida Bay. M, and the other tidal constituents
are greatest in the western bay and decrease from
west to east.

We obtained weights for adjusting the model
output for effects of regional variation in physical
(bank, basin, near-key) and seagrass habitat and
our index of tidal transport by analyzing an exist-
ing bay-wide juvenile pink shrimp data set of Rob-
blee (unpublished data). He sampled juvenile pink
shrimp density, JD (shrimp m~2), at 54 stagons in
six basins from the eastern to western bay. The
Robblee data set contained data on geographic lo-
cation, physical habitat, and seagrass short shoot
density. Seagrass density (BB) was computed using
Eq. 7. We classified the data into tidal amplitude
zones based on station location information. Only
three zones, 1, 5, and 15, were represented in the
data. Using S-PLUS, we performed multiple re-
gression with juvenile shrimp density (in [JD + 1]}
as the dependent variabte and the categorical var-
iables, physical habitat (3 categories), seagrass deu-
sity (5 categories), and tidal amplitude zone (5 cat



egories), as independent variables. A high corre-
lation of seagrass density with tidal amplitude and
physical habitat among sites in ‘this data set pre-
vented us from using seagrass density in the same
equation with the other two categorical variables;
we made a separate equation for seagrass density.
In the muluple regression analyses, computations
for categorical variables were performed using the
Helmert conrrast matrix, which is orthogonal and
produces independent contrasts unbiased by un-
even sampling design {Mathsoft 1999). Once the
levels were obtained for each category, we added
each level to the equation’s intercept and then
back-transformed to obtain a predicted JD for each
category. For each categorical variable, we selected
the highest predicted JD and scaled the other pre-
dicted JDs 1o it. These computations were as fol-
lows:

Jb = et — 1, (8),

where JD, the predicted juvenile density. is the un-
scaled weight for each category, 1 is the intercept,
and L is the level for each category. The scaled
weight of each category was simply JD/JD_ ...
where JD ., is the highest predicted JD for each
categorical variable. The scaled weights were 1 or
less.

To adjust potential harvests from our simula-
tions for the effect of each of variable (i.e., physical
habitar, BB, and tide) separately, we multiplied the
scaled weight of each categorv (e.g., BB =1, 2, 3,
4, or 5) by the proportion of each region covered
by that category and summed the resulting prod-
ucts to obtain a weighting factor for that region, as
follows:

“rFa = E(Phas“rh)’ (9)

where WE, is the weighting factor for each region
a, P, is the proportion of region a as habitat h,
and SW, is the scaled weight for habitat h. The
weighting factor for a region would equal one if
the most favorable category {(with a scaled weight
of one) covered 100% of that region. We then ad-
justed our simulation results for each region and
year by multiplying by the region’s weighting factor
for that variable, We had no daua for tidal ampli-
tude zones T25 and T35, so we assigned them the
same weight computed for zone T15. We did not
attempt to adjust for all three variables simulia-
neously because the effect of seagrass density was
correlated with the effects of the other wo vari-
ables. It is possible that salinity regime was respon-
sible for some of the variadon attributed 1o physi-
cal habitat, seagrass density, and tidal-amplitude-
relared transport.
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POSTLARVAL IMMIGRATION

In January 2000 we began monthly sampling at
three sites to quantify concentrations of near-set-
tlemenestage pink shrimp postlarvae in the water
column in channels connecting Florida Bay to the
Gulf of Mexico and the Atlantic Ocean (Fig. 2). A
fourth site was added in June 2000. Sandy Key (8K}
and Middle Ground (MG) channels are two major
passes connecting the Southwest Florida Shelf to
pink shrimp nurserv grounds in western Florida
Bay. Whale Harbor Channel {(WH) cennects the
bay to the Atlantic Ocean, has a relatively high
speed current (Smith 1998), and is the site of pre-
vious studies of pink shrimp postlarvae {Allen et
al. 1980; Criales et al. 2000). Panhandle Key Chan-
nel (PH) connects the bay’s interior to the outer
bay and has velocities comparable to those at
Whale Harbor. Based on previous studies, we sam-
pled at night during the new moon period (Tabb
et al. 1962; Allen et al. 1980; Criales et al. 2000).
Two moored subsurface plankion channel nets
(0.75 m? opening. 1-mm mesh net, 500-pm mesh
in the cod end) were set simulianeously at each
site on two consecutive nights. Nets were attached
to fixed moorings and suspended with floats ~0.5
m from the surface. Cod ends were placed on the
nets before dusk, and samples were collected from
the cod ends shortly after dawn. A General Oce-
anic flow meter was mounted at the net mouth to
measure velocity and flow volume through the net.
Pink shrimp postlarvae were sorted from the sam-
ple, identified, and preserved in 95% ethanol. The
raw catch in each sample was standardized to den-
sity per 1,000 m® of water filtered in hours of dark-
ness during flood tide based on Tabb et al. (1962},
Mean monthly density was calculated as the aver-
age over the two sampling nights. Densities were
tested for normality and homogeneiw of variance.

Results

SURVIVAL IN RELATION TO SALINITY AND
TEMPERATURE

Response surfaces from the 10 salinity and tem-
perature experiments are shown in Fig. 4a,b. The
regression equation for survival rate explained
46% of the variation in the predicted variable and
was highly significant (Table 1). Although temper-
ature and salinity were not significant (p > 0.05),
both squared terms were highly significant, as was
the interaction term (Table 1). The experiments
indicated that pink shrimp have a wide salinity tol-
erance range but are sensitive to temperatire ex-
tremes (Fig. 4a). They are especiaily sensitive to
high salinities at low temperatures and low salini-
ties at high temperatures. Acclimation at interme-
diate salinity before exposure to extreme salinity



1362

J. A. Browgder at al.

A

28-Day Survival (%)

0.620
0.015
0.010
0.005
0.000
-0.005

Growth Rate Coefficient

2
Simulated Harvest (10 mt)

Fig. 4. Juvenile pink shrim
ture {"C) and salinity (%o): ex
(proportion) (A)
model-simulated p
d at constant valu

P response surfaces to tempera-
perimentally-derived 28-d survival
and daily growth rate coefficient (B) and
otensial pink shrimp harvests through 600th
es of temperature and salinity (C).

(5%e, 10%o0, 45%,
{p < 0.05) benefici
ference was not si
the unacclimated

50%o. 55%0) had a significant
al effect only at 55%o. The dif-
guificant at 50%o, and at 45%,
shrimp had higher survival rates
than the acclimated shnimp. We substituted daca
from acclimated weatments at salinity extremes in
the regression analyses in place of corresponding
data from unacclimated treatments.

GROWTH IN RELATION TO SALINITY aND
TEMPERATURE

The regression equation explained 71% of the
variation in the individual exponential growth rate
coefficients of 1,220 individuals (Table 1), This re-
gression equation suggests that growth rate is pos-
itively related to temperature beyond 35%¢ (al-
though experiments only went to 33%e) and the
salinity optimum for growth is 30%, {(Fig. 4b). The

lowest growth rates were at salinity extremes at low
temperatures.

GROWTH IN RELATION TO TOTAL LENGTH
The regression analysis indicated
icant relationship of the growth rate coefficient to
total length (In [L']) (Table 1), When used in
Eq. 2 of our simulation model, the length-related
coefficient of the regression equation, —0.01145
(Table 1), had such a strong negative effect on
growth that shrimp did not reach recruitment size
(defined as 78.4 mm TL, based on Nichois 1984)
at favorable salinities and temperatures. We as-
sumed that a size-related negative influence of con-
finement on growth, an artifact of the experiments
(Teinsongrusmee 1965), was inflating the value of
the coefficient. We substituted a smaller value,
—0.00929, which allowed the model to simulate
shrimp growth to a size approaching the 177.75
mm TL (maximum size [L.] for the von Berta-

lanffy growth equation in Phares 1981) within 600
d at 30%o and 27°C.

a highly signif-

SIMULATION MODELING

Model simulations holding temperature and sa-
linity constan¢ at 5°C increments from 0°C 1o 35°C

and 5%o intervals from 0%¢ to 70%, suggested
that potential harvests are sensitive to salinity ex-
tremes (0~15%o), especially at temperatures of
15°C and lower (Fig. 4c). Simulations using ob-
served daily temperature and salinity records from
the regions of the bay (Fig. 5) suggested that po-
tential harvests from July and April cohorts are
higher and vary mor

¢ than those from October
and January cohorts. Year-to-year variation is great-
est from the interior (93.6-151 mt km-? from the

July cohort) region; simulated potential harvests
from the west and south regions showed a re-
sponse to the driest (1989-1990 and 1990-1991)
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TABLE 1. Intercepts, regression coefficients, and relative statistics of the equations for the survival and growih coefficients (deter-
mined by regression analysis of experimental data).

Growth Rate Coeflickent Survival Rawe Cocfheiem
Coel SE ) t Pri> ) Cocf SE 1 Pro> Wt

Intercept 0.02908 15.35 0 ~4.6019 7.0269 —0.6549 05135
Temp (T} 0.00832 0.00189 7.46 0 0.7039 (.5395 1.3047 0.1940
Sal (S) .00256 0.00011 10.65 0 0.2185 0.1408 1.3322 0.1227
TxT —9.6 X 10-° 2.4 % 1073 -4.38 ) —0.0250 0.0105 —-2.9896 00181
§ XS —45 X 10°% 29 % 10-* -10.28 0 —0.0077 0.0018 -4 5100 0.0000
TxXS 4.0 X 1077 0.0115 0.0042 27763 06.0062
L. —0.01145 0.00038 —-29.88 0
| —-0.00929
Df 1,205 166
r? (0.7093 0.4568
F-stat 210.2 0 9.07 4.3 X 1g-4

| Lise of this coefficient in the model yielded unrealistic resulis in simuladons.
2 This value was substituted in the model.

and wettest (1994-1995 and 1993-1996) vyears.

Simulated potential harvests from Trout Cove, Ter-

iy ot rapin, and Little Blackwater and Blackwater sounds

J  were more variable than that from the regions

16 {61.5-153.5, 91.7-157.4, 71.6-149.7, and 126.3-

156.2 mt km~2, respectively, from the cohort set-
tling in July).

. The number of days from settiement to recruit-

o ment varied from 128 (4.25 mo) under the most

1.2

0.8 1 favorable conditions to 175 (5.8 mo)} under the
least favorable conditions and also varied season-
16 1 Oetober setiiement ally. The shoriest periods were for the April and
July cohorts, the longest, for the October and Jan-
T Y uary cohorts.
o 12 o : -d’\f' Juvenile density on the grounds, viewed at 30-d
:5: o intervals through 121 d, was at its maximum on
E o8jo @ —e— East day 31 when the entire cohort of that and the pre-
P T e 9 w95 T e o ceding 30 d had entered the bay. The highest 121-
P o West d density from the July-settlement cohort was 2.53
£ m-2 from the western bay in 1995, The lowest 121-
£ s January settiemeant d density from that cohort was 1.42 m~2 from Little
3 Blackwater Sound, also in 1995,
3
€ 12 EXPANSION OF UNIT-AREA RESULTS
The total nursery value of the four major regions
08 was compared by multiplying the unit-area results
for each region from the July-settlement cohort by
the area of each region; results were then adjusted
16 to account for other factors thought to influence
potential recruitment and harvests (Fig. 6). The
2 two regression equations that provided the weights
used for the adjustments explained 71% (physical
habitat and tidal amplitude zone) and 49% (sea-
08 grass density) of variation in the dependent vari-
g0 91 92 93 94 95 96 67 98 able respectively. The adjustment of potential har-
Yesr vests for bank, basin, and nearkey area in each
Fig. 5. Simulatcd potential pink shrimp harvests per unit region had lide effect, but adjustments for sea-
ares of the four major Bay regions resuliing frem seulement grass density coverage and tidal-amplitude zone ac-

cohorts in July, October, January, and April of indicated years. centuated the relative importance of the western
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s East
- |ntenior
— South
= West

Potentiai harvest (x107 mt)

69 90 91 92 93 94 95 96 OF

‘Year

Fig. 6. Simulated potential pink shrimp harvests of Julv-set-
dement cohort from each Bay region expanded on the basis of
region area {unit area harvests X area) and adjusted for ather
factors thought to influence relative potential harvests from the
regions of the Bay: physical habitat, seagrass density, and tidal
ampliwde.

bay as a pursery ground. Regional areas, propor-
tons in each habitat type, and weighting factors
used in expanding and adjusting model results are
shown in Tables 2, 3, and 4.

POSTLARVAL IMMIGRATION

Results of the first 20 mo of channe} net sam-
pling of immigrating postiarvae are shown in Fig.
7. Postlarval concentrations in the four channels
(Fig. 2) differed in magnitude and seasonal pat
tern. Sandv Key and Middle Ground channels had

one annual peak, centered in about July-August in

TABLE 9. #rea of each region and proporiion {P) covered by
each indicated phvysical habimc type. scaled weight (SW) as
signed to each habitat, and calculated weighting factor used 10
adjust area-expanded potential harvests for effect of spatial var-
iation in physical habitat.

Toral
Area Weighung
Region (™l Islastd Basio Near-kev Bank Factor
East-F 182.53% 0.0729 09192 0.0049 0.6552

East-S 29971 0.0721 0.8838 0.0030 0.0406 0.6654
East-W 58.17 00042 0.8802 0.0035 0.0223 0.6449

Interior 40457 00375 06734 0.00%3% 0(.2870 0.754%
South 369.86 0.0510 0.8513 0.0022 00947 0.6946
West 51089 0.0137 06067 0.0031 0.3790 0.7956
5w 0 0.7043 1.000 00006 0.9720

both years, whereas Whale Harbor and Panhandle
Key channels had several peaks in each year with-
out any consistent pattern between years. The peak
concentrations at Whale Harbor and Panhandle
Key did not seem to be correlated. Our postlarval
sampling results suggest a source of nearsettle-
ment-stage postlarvae to Florida Bay from the west
in mid to late summer, roughly corresponding 1o
the July recruitmeni we have simulated, and from
the ‘east and southeast at other times of the year
simmulated (i.e., October, January, and April). Post-
Jarval concentrations in Whale Harbor and Pan-
handle channels are, however, an order of magni-
tude smaller than through the Middle Ground and
Sandy Key channels.

Discussion

The reladonships of growth and survival to tem-
perature and salinity determined from the exper-
iments are central to the model. Our analysis of
experimental daa@ suggested that juvenile pink
shrimp survival is high over a wide salinity range
except at exireme temperatures and they are least
tolerant of high salinity at low temperatures and
low salinity at high temperawures (Fig. 4). Mc-
Kenzie (1970) reported the same relationship to
temperature and salinity exiremes in blue crabs.
Williams (1960) noted that pink shrimp have os-
moregulatory capabulities at low temperatures su-
perior to brown shrimp. Survival at the same salin-
ity and temperature was higher in these experr
ments than in our original two expeniments (Brow-
der et al. 1999). The relationship of growth o
salinity in the experimental data was stronger than
the relationship of survival to salinity (i.e., the r?
was 0.71 versus 0.49). A salinity optimum (30%o)
was detected within the range of salinities covered
by the experiments. The temperacure optimum for
growth suggested by the analysis was greater than
the upper temperature tested, 35°C.

Total length (the natural log) was a suong ex-
plaining variable in our equation for the growth
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TABLE 3. Area of each region, estimated propordoen of region covered by each seagrass type. proportion of region sampled, scaled
weight assigned to each habitat, and calculated weighting factor used 1a adjust areaexpanded potential harvests for effect of spatial

variation in seagrass densicy {Braun Blanquet index, BEB).

Total Ar 5 Med. § Med. Med. i ‘eigh

Region Stk 4y BEb BB Y B e it
EastE 132.54 0.9381 00619 0 0 0 0.0026 0.0128
East-S 929971 0.6190 0.3756 0.0055 0 0 0.4469 0.0190
East-W 58.17 0.8887 0.0072 0.1541 0 0 0.8926 0.0675
Interior 40457 0.2545 0.6878 0.0561 0.0016 0 0.7367 0.0430
South 369.86 0.0739 0.9064 0.0176 0 0 0.3929 0.0513
West 510.99 0.0129 0.7586 0.1167 0.1044 0.0075 0.4101 0.1743
Total 1,698.82 0.1234
Scaled weight (SW) 0.0120 0.0254 0.3715 1.0000 0.9856

rate coefficient. Part of this effect was apparently
an artifact of the experiment because it was not
possible, using the model, to simulate growth from
early settlement to recruitment size shrimp at am-
bient salinities and temperatures using the coeffi-
cients generated from the regression analysis (Eq.
9, Table 1). We had our choice of modifving either
the intercept of the regression equation or the re-
gression coefficient controlling the effect of total
length. By changing only the regression coefficient
for L,_,, we approached the L. of Phares (1981)
within the 600-d simulation period. Growth from
sertlement 1o recruitment size (137 d at 27°C and
30%o) with this model was slower than with previ-
ous versions of the model, in which recruitment
size was reached in about 100 d.

Other estimates of time from settlement (o re-
cruitrnent vary for this species in South Florida.
Tabb et al. (1962) reported estimated growth rates
consistent with the slower growth of our model.
Kutkuhn (1966) estimated 3—4 wk (21-28 d) from
spawning to setttement and 10-11 wk (70-77 d)
from settlement to recruitment. Costello and Allen
(1970) said that 2-6 mo is spent in the shallow
nursery areas. Estimates of size at recruitment also
vary from 78.4 mm TL {(Nichols 1984), which we
used, to about 100 mm TL (Joyce 1965; Kutkuhn
1966). Pink shrimp larger than 17 mm carapace
length (CL; ~84 mm TL) are seldom seen in John-

son Key Basin, a western Florida Bay nursery
ground (only 1.4% of shrimp captured in rouune
collections exceeded 17 mm CL; Robblee unpub-
lished data).

Acclimation’s lack of a significant influence at
any but the highest salinity tested was surprising.
There are several possible reasons. The difference
in survival berween acclimated and unacclimated
shrimp in each wial might have been too small to
be resolved by the sample size of our experiments.
Individual variation in iolerance may have been
too great to aliow relatively small differences be-
tween treatments 1o be distinguished. Alternatively,
salinity of at least 55%o (the highest salinity tested}
may have been required to trigger acclimation.
There’s a practical reason why pink shrimp in Flor-
ida Bay might have the ability to acclimate to high
salinity but lack the ability to acclimate to low sa-
linity. Hypersaline conditions develop gradually, al-
lowing time for acclimation, whereas salinity some-
times decreases rapidly in response to heavy rains
and freshwater inflow, leaving no tme to accli-
mate.

The salinity optimum of 30%e has ecological sig-
nificance in Florida Bay. Salinities of approximately
30%e occur in some years, even in the western bay.
Salinities both below and, more often, above 30%o
often prevail in the interior bay. Salinities above
and, more often, below 30%0 occur in the eastern

TABLE. 4. Area of reach region, proporton in sach indicated tidal amplitude zone, scaled weight for each zone, and calculated
weighting factor used to adjust arez-expanded potential harvests for effect of spatial variation in tidal-amplitude-related wansport of

postlarvae.

i Toual Area Weighting

Region (km?) j<m Sem 13-cm 5-cm 85cm Factor

East-E 132.54 1.0000 o 0 0 0 0
East-3 222.71 0.3473 (.5848 ¢.0670 0 0 0.0925
East-W 5817 1.0000 0 0 0 0 0
Interior 404.57 (.1634 0.7843 0.0511 0.0006 0 0.0859
South 369.86 0.0000 0.1857 0.7455 0.0522 it 0.8058
West 510.99 0.0000 0.0599 0.2356 0.2417 0.2757 0.7556
Total 1658.82 *
Scaled weight {SW) 0.0000 0.0436 1 1 1
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Fig. ¥. Observed concentrations of pink shrimp postlarvae

in western (MG, SK) and eastern (PH, WH) Florida Bay Chan-
nels (see Fig. 2 for locations) during new-moon sampling, Jan-
uary 2000 through August 2001,

bay. Periods of near 30%e salinity are reflected in
higher juvenile densities, shorter times from settie-
ment to recruitment, and larger potential harvests.
The differences are smaller than we expected
based on Browder et al. {1999).

The shape of the response surface of potential
harvest in relation to salinity and temperature (Fig.
4c) suggesis potential harvests are more sensitive
to salinity and temperature than would be expect-
ed based on the response surfaces of either surviv-
al or growth alene (Fig. 4a.b). This is because mod-
eling results are the integrated effect of three pro-
cesses, physiologically based physiological survivor-
ship, growth, and a size-dependent survival from
predation.

We selected July, October, January, and April as
settlement months to examine the effect of season-
al variation in temperature and salinity on poten-
tial harvests from the bay. The July sertlement date
also corresponds well with the Juiy-Augustcen-
tered peaks in settlement-stage postlarval concen-
trations in the western bay observed in our field
sampling (Fig. 7). We found peak concentrations
of nearsettlement-stage postlarvae in Whale Har-
bor and Panhandle Key Channels at other times of
the vear, suggesting that settlement stage postlar-
vae may be available in the other months we sim-
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Fig. 8. Simulated potendal harvests from each cohort from
all four regions, expanded by area {A), observed juvenile pink
shrimp density on western Florida Bay nursery grounds (Rob-
blee unpubiished data) in Octaber and within the period Feb-
ruary-May {B), and observed CPUE (10? kg vd-', where vd is
vessel dav) of pink shrimp recruits {smallest commercial size
class category) in the Tortugas fishery for 6-ma period, [anuary-
June and July-December, by biglogical ( July=June) year (C).

ulated (October, January, and April). These peaks
were much lower than in the western bay in Juiy-
August. Tabb et al. (1962) also noted peaks of
abundance of settlement-stage postlarvae at several
times of the year.

Relative harvests expanded te the fourregion
area (1,699 km®) are shown for each cohort and
each year in Fig. 8a for comparison with observed
juvenile densities at corresponding times of the
vear (Fig. 8h). At the growth rates of our simula-
tions, the July-settlement cohort was on the nurs-
ery grounds in October, a time when peak densi-
des of juvenile pink shrimp are commonily ob-
served in sampling (Robblee unpublished data;
Fig. 8b).

We looked at a proxy of recruitment, the month-
ly average caich rate (kg vd~!, where va is vessel
day) of the youngest commercial size class in the
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Fig. 9. Monthly observed average catch per unit of effort
{CPUE; kg vd~!, where vd is vessel day) of recruits {commercial
catch category = 31 shrimp kg~'} in Tortugas pink shrimp har-
vests, by biological (Julv-June) vear, 1989-1090 through 1887~
1998,

fishery (68-count-per-pound, or 31 kg™' shrimp) in
relation to our simulation results. Our simulations
initialized with cohorts settling in the bay in July,
October, January, and April produced modes of re-
cruitment roughly corresponding in uming to
those observed in fishery harvests. Two or more
recruitment modes were observed in most years
from 1989-1990 through 1997-1998 (Fig. 9). OQur
July-settlement cohort produced an early-Decem-
ber peak in simulated recruitment to the fishery.
Our October-settlement cohort produced recruits
corresponding to the March-April maximum in
observed catch rates of recruits in the fishery. The
January-setement cohort simulated by the model
recruited to the fishery in June. This corresponds
to the June peak in recrnitment in landings data
in some years (Fig. 9). Our April cohort recruited
to the fishery in August. A May cohort might better
approximate the September recruitment some-
times seen in the fishery.

By separating the data into 6-mo periods and
plotting it by year (Fig. 8c), we find that catch rates
are highest in the January-June period ia every
year but one. Qur simulations differed from fish-
ery data by consistently producing higher potential
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harvests from the April and July settlement cohorts
(Fig. 8a), which recruited to the fishery from Au-
gust through December. The year-to-year variation
in our simulated potential harvests, expanded to
the area of the bay, is oo small (with or without
adjustment for regional variation in seagrass den-
sity) to account for the vear-to-year variation in
magnitude of the various modes of recruitment to
the fishery.

Despite the presence of several modes in the
fishery, there is no direct evidence that pink
shrimp in the Tortugas exhibit the bimodal spawn-
ing described for some tropical penaeid shrimps
(Dall et al. 1990; Crocos 1991). Pink shrimp fe-
males in spawning condition are found vear
around; the frequency of ripe females is highest
from April through July (Cummings 1961). Early
larval stages at the Dry Tortugas also have been
found year around and concentrations were high-
est from April to July (Munro et al, 1968; Jones et
al. 1970).

The model simulations were initialized for all
four cohorts with the same number of settlement-
stage postlarvae. In reality, postlarvae arrive at the
bay in waves related to the new moon. These waves
are of greater magnitude in some months than
others due to variation in spawning strength and
oceanographic conditions that affect onshore
transpert. This might explain differences in the
relative importance of cohorts in the model and
the fishery. Some other explanations are needed
for the differences in relative importance of co-
horts between the observed juvenile densities in
the bay and catch rates in the fishery. Differences
in timing of subadults leaving the bay relative to
their size might account for these differences. At
present the model does not allow shrimp size to
vary at emigration, which Tabb et al. (1962) have
documented in relation to storms and sudden de-
creases in salinity or temperature. Environmental
control of natural mortality and growth rates out-
side the bay could also account for some of the
variation in fishery catch rates. The model at pre-
sent does not address the possible influence of
monthly and annual variation in temperatre and
salinity outside of Florida Bay. Constant values of
temperature (27°C) and salinity (35%o0) are used
to govern survival and growth beyond 78.4 mm,
when they leave the bay in the model. This is be-
cause our focus has been on the effect of condi-
dons in the bay, but extending the effect of salinity
and temperature to cover the rest of the growth
and life cycle of the cohorts and using observed
salinity and temperature data from offshore waters
might alter simulation results.

The unit model has immediate application in
designing a monitoring program for the Compre-
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hensive Everglades Restoration Project (U.S. Army
Corps of Engineers 1999), which will restructure
South Florida’s water management system and may
change the volume, timing, and distribution of
freshwater flows to Florida Bay. A dynamic moni-
toring strategy could be guided by model predic-
uons of where and when peak densities of juvenile
pink shrimp at various stages of growth and devel-
opment will appear and the relative magnitude
and timing of potential recruitment. The model
may also be used in a hindcasting mode to help
interpret monitoring results in terms of impacts.
Predictious and hindcasts would be based on cur-
rent information on rainfall, freshwater inflow, and
other environmental factors. '

We expanded results of our unit model to the
full area of the bay to better evaluate their impli-
cations. Using information from field studies to ad-
Just our modeling results for other factors known
to affect pink shrimp densities in the bay contrib-
uted further perspective. Our conclusion following
adjustments js that salinity variation in the eastern
bay may be irrelevant to shrimp production be-
cause of the relatively low bank area, seagrass den-
sity, and tidal-amplitude-related access to postlar-
vae. The salinity extremes (especially high salinity)
prone to occur in interior Florida Bay diminish its
value as a pink shrimp nursery ground. A reduc-
tion in the frequency, duration, and spatial extent
of hypersaline conditions would improve the pro-
duction potential of the interior bay. Even with op-
umal salinities, the interior bay probably would not
be as valuable a pink shrimp nursery ground as
western Florida because of lower seagrass densities
and lower tidal-amplitude-related postlarval immi-
gration opportunity. The production potential of
western Florida Bay is relatively stable from year to
vear, but an increase in the frequency and duration
of salinities of about 30%o would be expected to
increase the potential harvests from this area if it
did not detrimentally affect seagrass habitat.

Both growth and survival of juvenile pink shrimp
are favored by an absence of salinity extremes. Be-
cause of spatial and temporal variability in condi-
tions and habitat and given its broad salinity tol-
erance range, this species should be able to survive
and grow somewhere in Florida Bay or nearby es-
taries whenever postlarvae arrive from offshore
spawning grounds. One key to maintaining a high
production of this species is maintaining freshwa-
ter inflow that will provide a favorable salinity
range over the greatest amount of suitable and ac-
cessible habitat at these critical times. Conditions
also must be mainamined to promote moderately
high to high seagrass density and cover in areas
accessible to pink shrimp postlarvae. Model results
suggested that the higher freshwater flows associ-

ated with higher rainfall that occurred from late
1994 through 1996 extended favorable salinities
for pink shrimp over the greatest area of Florida
Bay. Lower flows associated with the lower rainfall
of 1989 through 1991 reduced the area of favor-
able salinities. Fundamental changes in water man-
agement would increase the productive capacity of
the bay to the extent it could decrease the fre-
quency, intensity, duration, and spatial coverage of
hypersaline events in the bay. Exiremely low salin-
ities have an even more detrimental effect on pink
shrimp than do high salinities; however, over the
nine years examined, salinities low enough to be
dewrimental occurred in the bay only where unfa-
vorable habitat and low accessibility would also re-
strict pink shrimp production. Production from
the estuaries of southwestern Everglades National
Park might be detrimentally affected by high flows.
Timing of flows in relation to postlarval immigra-
tions is important.

Our integration of laboratory experiments with
a simulation model and comparison with field and
fishery observations raises questions that will guide
new investigations. Relative abundance and the
uming of abundance peaks at various life stages
warrant further work. More detailed field obser-
vations of the reproductive output of the Dry Tor-
tugas pink shrimp population are necessary to de-
termine seasonal and annual patterns of the avail-
ability of postlarvae. Longer time series are needed
to better characterize the timing and magnitude of
immigration into the bay and determine influenc-
ing factors. The timing and pattern of juvenile em-
igration from Florida Bay is an unknown and pri-
ority need. Addressing timing issues by integrating
field and fishery observations is an appropriate fu-
ture role for the simuladon model. Results of our
adjustments suggest that a landscape-based model
is needed to more fully examine the dynamic over-
lap of salinity, bottom habitat, and accessibility to
postlarvae. More bay-wide data on the distribution
of juvenile density should be acquired to joindy
esuimate effects of spatial variation in physical hab-
itat, seagrass density, and tidal-amplitude-related
access to posdarvae.
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